Herbicide resistance is an evolutionary process that may involve changes in physiological and ecological traits related to plant fi tness. This type of resistance occurs in littleseed canarygrass (Phalaris minor). This study was aimed to determine the effect of resistance to ACCase-inhibiting herbicides on fi tness of seed accessions of littleseed canarygrass. Seed characteristics are important because they may determine the outcome of competition between susceptible (S) and resistant (R) biotypes. Experiments were performed to determine whether differences between S and R accessions in embryo size, dormancy, longevity, and germination speed might occur. Differences in plant fi tness associated to herbicide resistance were found in seed physiological characteristics. The embryo size of R accessions was reduced up to 50 % (on a dry weight basis), which resulted in an increase in the number of days required to germinate and a reduction in the germination speed. Damage to membranes, which is related to longevity, was more severe in the R accessions. The observed decrease in seed vigor could affect the establishment of seedlings, which may explain the low success of R accessions under herbicide selection pressure. Key words: ACCase-inhibiting herbicides, fi tness, germination, dormancy, longevity, vigor.
W
eeds have been intensively selected by the cultural practices used to eliminate them. Herbicide-resistant biotypes represent one example of this human-imposed selection (Christoffers, 1999; Baucom and Holt, 2009; Neve et al., 2009) . When weeds are controlled by chemical methods (herbicides), an intense selection pressure is imposed.
Such selection pressure can eliminate 99.99 % of individuals. However, if a few individuals survive to herbicide application, the population will change the population phenotypic and genotypic proportions to completely resistant individuals in some generations (Maxwell et al., 1990) . Thus far, 348 biotypes of 194 species have shown herbi-JESÚS R. TORRES-GARCÍA ET AL. cide resistance, and further increase in these numbers is expected despite the introduction of new chemical compounds (Coustau et al., 2000; Heap, 2013) . Agricultural practices that include herbicide application will inevitably lead to the development of resistance, even when the herbicide is used at low doses (Neve and Powles, 2005a, b) .
Herbicide resistance may involve an ecological cost related to competitive ability (fi tness). Such costs can be evaluated physiologically, genetically, and evolutionarily to generate models that can aid their management (Coustau et al., 2000; Neve et al., 2009) . The model of Maxwell et al. (1990) predicts the evolution of resistance and a return to susceptibility when herbicide application is stopped. However, this model is entirely theoretical and depends on a reduction in the competitive ability of plants.
Phalaris minor Retz. (litltleseed canarygrass), a weed native to Asia has invaded wheat fi elds in 60 countries (Afentouli and Eleftherohorinos, 1996; Iqbal and Wright, 1997; Hari et al., 2003; Chhokar and Sharma, 2008) . This weed has evolved resistance to many herbicides with different mode of action (ALS, ACCase and PSII inhibitors). In Mexico, 5,000 ha (100 to 500 farms) from the Bajio agricultural area are infested with P. minor resistant to lipid inhibitors herbicides, specifi cally to ACCase inhibitors (Heap, 2013) ; nevertheless, studies have focused only in detecting herbicide-resistant biotypes. Seeds of P. minor susceptible to ACCase inhibitors remain viable ca. two years under fi eld conditions and require a period of cold to break dormancy. Under natural conditions, the seeds reach their highest germination percentage at 70 days after dispersal (Om et al., 2005) . However, excess of soil humidity decreases their vigor and longevity, depending on their depth in the soil (Franke et al., 2007) .
Differences in seed characteristics determine seed persistence of resistant (R) biotypes in the soil seed bank (Ghersa and Martínez-Ghersa, 2000) . Moreover, fi tness differences between susceptible and resistant seeds could determine the ability to invade natural habitats and be a problem for native fl ora. The size of the embryo, dormancy, longevity, and germination speed are measures of seed vigor that may determine plant establishment under non-selective conditions (Weaver and Thomas, 1986; Winn, 1988; Alcocer-Ruthling et al., 1992; Dyer et al., 1993; Thompson et al., 1994) . Empirical evidence shows that resistance to ACCase inhibitors in grasses involves fi tness costs in terms of a reduction in longevity, germination percentage, and vigor (Ghersa and Martínez-Ghersa, 2000; Vila-Aiub et al., 2005a, b; Gundel et al., 2008) . However, no studies have addressed the potential herbicide resistance costs in seeds of Phalaris minor. This study attempted to determine the fi tness differences between susceptible (S) and resistant (R) accessions of P. minor in seed physiology (biomass allocation, dormancy, longevity, and germination).
Materials and method
A collection of at least 20 populations reported as resistant to diclofop were performed in Bajio, Mexico (20˚ 25' N 101˚ 38' W) . The resistance index (RI) of each accession was determined using the method proposed by Tal et al. (2000) . The results showed that four of these accessions had a RI to diclofop that was higher than seven with respect to the S line. Additionally, gene-sequencing studies showed that the resistance mutations at the site of action occurred in different locations; thus, we established that each accession had a different evolutionary origin (research in progress). Finally, four accessions were selected: Col 4, Col 7, Gto, and Jal. The S accession was collected from an area located at 25 km from the area where R accessions were collected and where herbicides are not applied for weed control (personal communication with farmers).
To ensure that the seeds used in this study corresponded only to R individuals, selection for resistance was performed. Seeds of each accession were placed in agar with an herbicide concentration of 40 mg L -1 (approximately 8X greater than the concentration at which S plants can grow). The seeds that germinated were sown in plastic pots fi lled with soil, and the plants were maintained in a greenhouse. At fl owering, the spikes were covered with waxed paper bags to avoid cross-pollination, and the seeds were collected as they were released (at maturity). This procedure was performed to eliminate differences in secondary dormancy and aging due to storage. The obtained seeds were kept in paper bags at 18 °C until use.
Allocation of biomass to seed parts. Thirty fl orets with similar weights (1.8 mg) were selected for each accession. The fl orets were dissected into fl oral sheaths, endosperm, and embryo. Each part was dried in an oven at 80 °C for 72 h.
Breaking dormancy. Species of the genus Phalaris require periods of low temperature to break seed dormancy (Om et al., 2005) . To determine whether each accession requires different conditions to break dormancy, batches of 100 seeds were stratifi ed at 5 °C for 10, 20, and 30 days. The control batch was not stratifi ed. After stratifi cation, the seeds were germinated (16 °C; 12 h photoperiod) to observe whether stratifi cation was able to break the dormancy. Germination was measured by evaluating the number of germinated seeds at intervals of 5 days over a period of 60 days. The viability of ungerminated seeds was determined by the tetrazolium chloride test (1 %). The number of days to germination (NDG; Hartmann et al., 1993) and the germination speed (GS; Maguire, 1962) ) was measured to estimate damage to the cell membranes caused by the accelerated aging test.
Statistical analysis.
Prior to the statistical analysis, the proportions of allocation of biomass were arcsine transformed. The experimental data were analyzed using ANO-VA with the statistical package SAS ver. 9.1 (SAS, 2009). Four replicates with 25 seeds each were used in all treatments. In breaking dormancy time and longevity tests, data were analyzed using a completely randomized design with a factorial arrangement; the main factors were the accessions and stratifi cation time or accelerated aging, respectively. Signifi cant differences between treatment means were calculated with Tukey honestly signifi cant difference (HSD) test with P < 0.05.
Results
Allocation of biomass to seed parts. The endosperm was the structure with the highest biomass allocation, followed by the fl oral sheaths (lemma and palea) and the embryo (Table 1) . Signifi cant differences (P < 0.05) were observed in the weight and percentage of the seed occupied by the endosperm and embryo among the accessions. The accessions Gto and Jal had the lowest allocation percentage to the embryo which was compensated for an increase in the endosperm size. The Col 4, Col 7, and S accessions had an equal distribution of organic matter in the endosperm and embryo (Table 1) .
Breaking dormancy. The seed dormancy of Phalaris minor was signifi cantly different depending on the accession and the stratifi cation time. However, signifi cant differences were not found among the 10, 20, and 30 days stratifi cation times. After stratifi cation, the S accession had the highest germination percentage and speed compared with the R accessions ( Figure 1A-E) . Stratifi cation increased the germination speed in S, Col 4, and Gto compared with no stratifi cation; however, no differences were found among the 10, 20, and 30 days stratifi cation times ( Figure 1B, D) .
Stratifi cation did not improve the germination percentage and speed of Col 7 and Jal, and the latter exhibited the lowest germination percentage ( Figure 1C, E) . However, this result occurred because the treatments failed to break dormancy as the tetrazolium chloride test showed that all seeds were viable at the time of the experiment.
Signifi cant differences in the NDG and the GS were found between both the accessions and stratifi cation times ( Table 2 ). The S accession required less time to germinate (16.7 days) and had the highest GS (38.1). Among the R accessions, Jal required more days to germinate (44.4 days) and had the lowest GS (1.6).
Longevity estimated by accelerated aging.
At the beginning of the experiment, all accessions showed the same EC (Table 3) ; however, as the aging time increased, the EC of all the accessions also increased. For the measurements performed at 24 and 48 h, the S accession presented the lowest damage compared with the R accessions. However, this trend changed at 72 and 96 h, when the S accession had the highest EC values. The generalized deterioration of all accessions was obvious at 96 h, with the release of the glumes and endosperm degradation. Higher EC is an indirect measurement of membrane damage, and a lower EC indicates greater cell membrane integrity. In nature, this value may suggest that the seeds with a lower EC will remain viable for a longer period in the soil bank compared with those with EFFECT OF HERBICIDE RESISTANCE ON SEED PHYSIOLOGY a higher EC. Hereafter, these data will be considered to be longevity data.
Discussion
Differences associated with resistance to ACCase-inhibiting herbicides were found in the physiology and morphology of Phalaris minor seeds. The evaluated variables, including the allocation of dry matter, dormancy, and longevity revealed fi tness differences in all resistant accessions. Similar results were obtained by Gundel et al. (2008) and Vila-Aiub et al. (2005b) for seeds of the biotypes Lolium multifl orum and L. rigidum, respectively, which were resistant to ACCase inhibitors.
The seeds of Gto and Jal showed a 50 % reduction in the size of the embryo, a deeper dormancy and a decreased longevity compared with the S accession. López-Castañeda et al. (1996) found differences in the initial vigor of cereals such as oat, sorghum, wheat, and triticale directly related to the size of the embryo. So far, no studies have previously correlated embryo size with dormancy and longevity in herbicide-resistant accessions. However, Forbis et al. (2002) indicated that the embryo size may be related to the primary dormancy of seeds. Plants that produce seeds with small embryos must go through a maturation period that may take several months (morpho-physiological dormancy); in addition, they lack the necessary vigor to break seeds sheaths (morphological dormancy). These facts provide advantages to S accessions over R accessions.
The reduction in the proportion of biomass allocated to the embryo in the seeds of R accessions caused increase in the NDG and led to reduce germination speed. In the case of S and Col 4, which had the largest embryos, the NDG was decreased considerably. The accessions with a small embryo size had low germination speed. The accessions Gto and Jal had the lowest germination ability, consistent with the low proportion of biomass allocated to the embryo. One of the consequences of the intense selection pressure exerted by xenobiotics is the increase in inbreeding as a result of the bottleneck that occurs in populations. Inbreeding in turn may reduce vigor of individuals due to low genetic variability. However, studies addressing seeking the relationship between the genetic diversity of populations and the loss of fi tness in herbicide resistant weeds, as the accessions studied here, are urgently needed (research in progress).
Besides the proportion of biomass allocated to the embryo within the seed, there are other factors that may explain the differences in the dormancy and longevity of the seeds. The R accessions Col 4 and Col 7, which had embryos that were relatively similar to those of the S accession, also displayed deep dormancy and decreased longevity. These differences may be due to other types of physiological costs; the pleiotropic effects that occur due to nucleotide changes may cause proteins to assume different morphologies and functions. In this respect, Menchari et al. (2008) found that point mutations in the genes responsible for resistance to ACCase inhibitors may affect the fi tness (biomass accumulation and seed production) in populations of Alopecurus myosuroides.
The decrease in the embryo size observed in some R accessions could be the result of an antagonistic correlation between characteristics that compensate for survival in a highly selective (99.9 %) environment with losses in the biological aptitude (fi tness). This type of "trade-off" has been observed when resistance to other selection agents is gained, such as resistance to herbivores and pathogens. The cost of resistance in terms of competitive ability in plants is more severe in the case of herbicides versus herbivory and pathogens based on the intensity of herbicide selection pressure (Bergelson and Purrington, 1996) .
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The delay in the NDG and the germination speed of the R accessions might constitute an ecological disadvantage for R plants compared with S plants. During the growing season, when the conditions are suitable for germination, the seeds of S biotypes will be ready to germinate and occupy space, whereas the R biotypes will germinate later.
These late-emerging R plants will be shaded by the S plants and will not complete their life cycle (Vila-Aiub et al., 2005b) . Mortimer (1997) indicated that one of the evolutionary responses used to avoid selection pressure from herbicides is the selection of individuals with deep dormancy; individuals that germinate later are more likely to complete their life cycle compared with those that have received herbicide application. Thus, with the disappearance of the selective factor, delayed germination may represent a disadvantage for the establishment of seedlings, which could cause the elimination of R plants and thus return of the population to the S state (Maxwell et al., 1990) . Competition experiments between R and S accessions of Phalaris minor, shows that the S biotype germinates fi rst and produced a larger canopy (data not shown).
The longevity (estimated by the accelerating aging test) is an indication of vigor, and it is also related to the size of the embryo. The seeds of S accessions, which presented the largest embryos, will be more tolerant to deterioration under natural conditions and will be viable for a longer time in the seed bank. In this regard, Gundel et al. (2008) reported that the longevity of Lolium multifl orum seeds is reduced because of herbicide resistance which causes a disadvantage under non-selective conditions. The Jal seed accession was not subjected to this test because the plants produced a low number of seeds. In addition, the seeds had low quality. The reduction in competitive ability observed in this study could be the cause of the low success rate observed among R accessions under non-selective conditions, which could lead to restoration of susceptibility in these populations (Maxwell et al., 1990) .
Given that agricultural practices that each farmer applies to their plot convert each accession into individual populations (Linhart and Grant, 1996) , some studies have questioned the comparison of competitive ability among populations that do not share the same selection history (Neve, 2007; . However, it is interesting to note that the differences in the physiological quality of seeds from geographically isolated populations studied here, exhibited similar trends in all cases. The losses in fi tness documented in this study may be the consequence of the evolution of resistance and may be found in all R accessions.
